Binocular rivalry occurs when incongruent patterns are presented to corresponding regions of the retinas, leading to fluctuations of awareness between the patterns [1] . One attribute of a stimulus may rival whereas another may combine between the eyes [2-5], but it is typically assumed that the dominant features are perceived veridically. Here, we show this is not necessarily the case and that a suppressed visual feature can alter dominant perception. The cortical representations of oriented gratings can interact even when one of them is perceptually suppressed, such that the perceived orientation of the dominant grating is systematically biased depending on the orientation of the suppressed grating. A suppressed inducing pattern has the same qualitative effect as a visible one, but suppression reduces effective contrast by a factor of around six. A simple neural model quantifies and helps explain these illusions. These results demonstrate that binocular rivalry suppression operates in a graded fashion across multiple sites in the visual hierarchy rather than truncating processing at a single site and that suppressed visual information can alter dominant vision in real-time.
Summary
Binocular rivalry occurs when incongruent patterns are presented to corresponding regions of the retinas, leading to fluctuations of awareness between the patterns [1] . One attribute of a stimulus may rival whereas another may combine between the eyes [2] [3] [4] [5] , but it is typically assumed that the dominant features are perceived veridically. Here, we show this is not necessarily the case and that a suppressed visual feature can alter dominant perception. The cortical representations of oriented gratings can interact even when one of them is perceptually suppressed, such that the perceived orientation of the dominant grating is systematically biased depending on the orientation of the suppressed grating. A suppressed inducing pattern has the same qualitative effect as a visible one, but suppression reduces effective contrast by a factor of around six. A simple neural model quantifies and helps explain these illusions. These results demonstrate that binocular rivalry suppression operates in a graded fashion across multiple sites in the visual hierarchy rather than truncating processing at a single site and that suppressed visual information can alter dominant vision in real-time.
Results and Discussion
Despite a multitude of recent developments, a great deal still remains to be learned about how the primate brain constructs and maintains an ongoing representation of the surrounding environment [6] . The phenomenon of binocular rivalry (BR) allows us to study cortical changes in isolation from changes in the environment, thus isolating the neural machinery responsible for perturbations in awareness. BR is induced when dissimilar images are projected to corresponding regions on the two retinas [1] . BR has been used in an variety of ways as a tool to investigate the neural concomitants of visual awareness [6, 7] . It has typically been thought that when one stimulus is dominant and the other suppressed, perception closely resembles physically switching off the suppressed stimulus. However, in some instances one attribute of a stimulus may rival whereas another may be combined between the two eyes [2] [3] [4] [5] . Here, we show that a single attribute, orientation, can simultaneously be suppressed due to BR and interact with the dominant pattern, changing how we perceive the orientation of the dominant pattern.
Neuronal orientation selectivity is a property that does not emerge until primary visual cortex [8] . For this reason, illusions of orientation have provided a valuable method of establishing how much information can be processed cortically in the absence of awareness [9] [10] [11] [12] [13] . The perceived orientation of a pattern can be altered by the orientation of a simultaneously presented superimposed or surrounding pattern [14] [15] [16] . Here, we investigated the simultaneous effect of the orientation of a suppressed pattern on the perceived orientation of the dominant pattern during BR with intermittently presented stimuli ( Figures 1A and 1B) . We find that a single visual feature (orientation) can simultaneously be suppressed and modify perception of the dominant stimulus. A suppressed inducing pattern has qualitatively the same effect as a visible one; however, suppression reduces its effective contrast by a factor of around six.
When rivaling images are presented intermittently, the rate of perceptual alternation is drastically lowered such that the percept tends to remain the same as in the previous presentation [17] . We made use of this perceptual stability to ensure that the same stimulus was dominant throughout a block of 60 trials. Each block was sufficient to provide a measure of the magnitude of the illusion of perceived orientation in the dominant stimulus induced by the suppressed stimulus. Stimuli were sinusoidal gratings (see Experimental Procedures for details) presented for 500 ms followed by 3000 ms of blank background ( Figure 1C ). During the blank interruption, subjects reported whether the orientation of the dominant grating was clockwise or counterclockwise from vertical (a single-interval, two-alternative forced-choice task). If dominance switched to the other grating, or if the percept was piecemeal, observers were instructed to abort that block of trials. However, this was the case for only a few blocks. Figure 2A shows data from four subjects for superposed test and inducing gratings. When the suppressed inducer was oriented at angles between 10º and 30º to the vertical, the vertical dominant grating was perceived tilted toward the suppressed inducer (attraction). When the angle of the inducer was larger than 30º the dominant grating was perceived to be tilted away from the inducer (repulsion). The form of this angular tuning function is similar to other superposed orientation illusions [14] . To obtain a quantitative comparison between the rivaling and nonrivaling illusions, we used a version of the simultaneous tilt illusion [15] in which the inducing surround was suppressed by a colored static noise pattern (Figure 1B) . Here, the results can be directly compared to the dichoptic tilt illusion [10, 18] in which test and surround are again simultaneously presented to opposite eyes but are both visible, thus isolating any effect that suppression has on the tilt illusion [19, 20] . The procedure in this experiment was otherwise the same as in the first experiment. Figure 2B shows the magnitude of the suppressed surround tilt illusion as a function of the orientation of the suppressed surround grating. The *Correspondence: joelp@psych.usyd.edu.au suppressed surrounding orientation had primarily a repulsive effect on the perceived orientation of the dominant central patch. The form of the tuning function here is similar to that normally observed for the tilt illusion [15] .
To learn if binocular rivalry suppression weakened the tilt illusion, we compared the magnitude of the suppressed surround tilt illusion to that of the dichoptic tilt illusion as a function of the contrast of the inducing surround [21] . Figure 2C shows the difference in magnitude between the tilt illusion with a suppressed inducer and the tilt illusion without any suppression (the rival static colored noise stimulus removed) when the surround orientation was 620º (to the vertical). For low contrast surrounds (5%-30%) the magnitude of the tilt illusion generated by a suppressed inducer was markedly smaller than that of the interocular illusion. However, at higher contrast (50%), the magnitudes of the two tilt illusions where similar. Figure 2D shows the average tilt illusion from the three subjects as a function of surround contrast. In the nonrivaling condition, the tilt illusion reaches half of its maximum value at 4.6% contrast, whereas in the suppressed condition the illusion does not reach half maximum until 24.4% contrast. Hence, although the magnitude of both versions of the tilt illusion tested here varies with the contrast of the surround, the illusion with the suppressed surround requires five to six times more contrast to reach an equivalent magnitude.
A simple neural model can help us understand and explain the illusions of orientation discussed here. A population of monocular, orientation-selective model neurons processes the stimulus from each eye. The magnitude of the response of any given neuron is modeled by a difference of Gaussian excitation and inhibition functions (see the Experimental Procedures for details). Signals from these two neural populations interact at a subsequent binocular level. In the superposed stimulus condition, the population response at the binocular level is modeled as a weighted sum of the two monocular response distributions. The perceived orientation is then taken to be the preferred orientation of the most strongly responding neuron in the binocular population: a winner-take-all coding scheme.
When the orientations of the two stimuli are sufficiently close, the peak of the resultant binocular response distribution is shifted away from the orientation of the dominant stimulus and attracted toward that of suppressed stimulus ( Figure 3A) . If the orientations of the two stimuli are sufficiently different, the effect of the suppressed stimulus is to reduce the response to the dominant stimulus, shifting the peak response away from the orientation of the suppressed stimulus ( Figure 3B ). The quantitative predictions of the model are shown in Figure 3C along with the data from two of the subjects. The relative weightings of the two monocular response distributions used to produce the curves in Figure 3C were 0.14, indicating a 7-fold reduction in signal strength as a result of suppression, similar to that measured for the tilt illusion.
The same model accounts for the form of the angular tuning function of the center-surround tilt illusion with the following auxiliary assumption. The excitatory component of the population response to the surround grating is assumed to be confined to the cortical representation of the corresponding region of visual space, whereas the inhibitory component is assumed to extend in an attenuated fashion to the cortical representation of the central region. Since the effect of the surround on the center is purely inhibitory, any resulting tilt illusion is inevitably repulsive ( Figure 3D ). The quantitative predictions of the model are shown in Figure 3E .
We have shown that a perceptually suppressed pattern can alter the contents of visual awareness. The orientation content of the suppressed pattern can systematically bias the perceived orientation in the dominant pattern in qualitatively the same way as a nonsuppressed pattern. However suppression reduces the effective contrast of that pattern by a factor of around six. A simple neural model provides a quantitative understanding of these results in terms of crosstalk between the two patterns undergoing BR.
It has been shown that visual cortex can adapt to orientation while it is suppressed from awareness due to binocular rivalry [22] . However, in the current experiments the suppressed orientation interacts with the ; where I(c) is the fitted tilt illusion as a function of inducer contrast, I max is the maximum value of the illusion, c 50 is the contrast at which the illusion reaches half its maximum value, and the exponent n determines the slope of the function. Because the data from the suppressed condition did not adequately constrain I max , the following fitting procedure was adopted. First, the data from the nonrivaling condition were fitted. The value of I max from this fit was then used to constrain the fit to the suppressed data.
dominant in real time, the effect is not driven by adaptation. This demonstrates not only that the suppressed stimulus is processed at a cortical level, as is the case during adaptation, but that the suppressed stimulus is concurrently altering the perception of the dominant stimulus. Previous work has shown some attributes of a stimulus can combine between the eyes while at the same time others rival [2] [3] [4] [5] . However, the attraction effect observed in the current study cannot be explained by fusion of the two gratings' orientations while their colors rival. At no time did subjects report any plaid-like percepts [23] or a grating slanted in depth. Instead, the percept was of a single grating oriented in the fronto-parallel plane, demonstrating that not only was the color undergoing binocular rivalry but also the orientation information. Furthermore, we found that a significant attraction effect remained when the spatial frequency of one grating was raised to twice that of the other to avoid any possibility of stereoscopic fusion (data not shown). Indeed, when different oriented patterns are superimposed such that both are clearly discernable, perceptual attraction results without any stereoscopic depth perception [14] . This demonstrates that the reported perceptual attraction from superposed orientations is not a result of stereoscopic fusion.
The results of the current study are diagnostic regarding the site and mechanisms of binocular rivalry suppression in the visual processing hierarchy. Four hypothetical functional architectures are illustrated in Figure  4 . If the effect of suppression were to truncate the processing of the suppressed stimulus prior to any interaction with the representation of the dominant stimulus then there would be no illusion of orientation with the suppressed superposed or surround stimuli ( Figure 4A ). Conversely, if the effect of suppression were simply to truncate processing of the suppressed stimulus subsequent to the site of interaction with the representation of the dominant stimulus then suppression would not attenuate the tilt illusion at all ( Figure 4B ). Thus, we can conclude that binocular rivalry is not mediated at a single site early or late in the visual processing hierarchy.
Previous evidence suggests that the tilt illusion may be the product of interactions at multiple sites along When the orientations of the two stimuli are sufficiently close, the peak of the resultant binocular response distribution is shifted away from the orientation of the dominant stimulus (solid arrow) and attracted toward that of suppressed stimulus (dotted arrow). (B) When orientations of the two stimuli are sufficiently different, the effect of the suppressed stimulus is to reduce the response to the dominant stimulus, shifting the peak response away from the orientation of the suppressed stimulus (repulsion). (C) Quantitative predictions of the model (solid line) with the following parameters (s E = 24º, s I = 36º, a = 1.09, w = 0.14) and psychophysical data (circles and squares represent data from observers JP and CC, respectively) from experiment 1. The value of w is important because it quantifies the relative strength of the inputs from the representations of the dominant and suppressed stimuli. The value of 0.14 used to model the experimental data indicates a 7-fold reduction in effective signal strength as a result of suppression. (D). In the center-surround condition, the effect of the surround is purely inhibitory so any resulting tilt illusion is repulsive. (E) Model predictions (solid line) and psychophysical data (circles and squares) from experiment 2. For the center-surround configuration, w 0 was 0.09, somewhat smaller than the value of 0.14 used to model interactions between superposed stimuli. the form processing pathway [10, 24, 25] . Thus it is conceivable that binocular rivalry suppression could truncate processing of the suppressed stimulus at a stage of processing intermediate between the stages of interaction mediating the tilt illusion ( Figure 4C ). We would then expect the suppression to reduce, but not abolish, the tilt illusion, as we observed experimentally. However, in this case we might reasonably expect the effect of the surround at each stage of interaction to be a monotonically increasing function of contrast, at least for surround contrasts less than or equal to that of the test (as used here). If the effect of suppression were to eliminate interactions between the representation of the dominant and suppressed stimulus beyond some point in the processing hierarchy then this would be evident as a vertical compression of the illusion versus contrast function ( Figure 4D ). Just such a pattern of results was observed previously when backward masking of the surround was used to truncate processing of the tilt illusion [10] . However, in the current experiments the effect of suppression was a lateral rather than a downward shift of the illusion versus contrast function ( Figure 2D) .
Having established that a single site of binocular rivalry suppression either early ( Figure 4A ), late ( Figure 4B ), or intermediate ( Figures 4C and 4D ) in the processing hierarchy cannot account for the lateral shift of the function relating the strength of the tilt illusion to surround contrast found experimentally, we must consider the possibility that suppression is mediated in a graded fashion across two or more levels of processing ( Figure  4E ). In this case, the initial stage(s) of suppression is assumed to weaken the effective strength of the signal representing the suppressed stimulus, but not to truncate its processing altogether. Such a functional architecture would result in a reduction of the effective contrast of the signal from the surround that interacts with the representation of the dominant stimulus, shifting the illusion versus log-contrast function laterally as illustrated in Figure 4F .
Thus, we can conclude that binocular rivalry is mediated at multiple sites along the processing hierarchy [7, 26] . This supports findings from single-cell electrophysiology showing that the proportion of neurons whose pattern of firing correlates with modulations in visual awareness during BR increases as the visual processing hierarchy is ascended [27] [28] [29] . However, it was only recently that theories regarding binocular rivalry proposed that suppression took place at a single location either at an early sensory level or a higher level [7] . Although subsequent studies have suggested that different stimulus paradigms can induce rivalry at different levels of the visual processing hierarchy [7, 26] , we have demonstrated here that interactions between rivaling stimuli can occur at multiple levels simultaneously.
The multiple level model of binocular rivalry proposed here ( Figure 4E ) can account for the dissociation between measures of rivalry suppression showing relatively modest increases in increment thresholds [33, 34] and the striking phenomenological impression of complete disappearance of the suppressed stimulus. It is assumed that detection of increment thresholds can be carried out by mechanisms at a level in the visual hierarchy intermediate to the initial stage of attenuation of the representation of the suppressed stimulus and the site at which processing of the stimulus is truncated. If the responses of mechanisms at this intermediate stage of processing are not accessible to visual awareness [10] then the subsequent truncation of processing will prevent conscious perception of the suppressed stimulus.
If, as indicated, rivalry is a fundamentally distributed process along the visual hierarchy, this prompts the question of how suppression across multiple sites is (E) Alternatively, suppression could be mediated in a graded fashion across two or more levels of processing, as depicted here. (F) The effect of suppression in such an architecture would be to scale the effective contrast of the inducing stimulus, shifting the illusion versus log-contrast curve rightwards.
coordinated. If competition between the representations of the rivaling stimuli early in the processing hierarchy attenuates the effective signal strength of one more than the other, this could bias competition at subsequent levels [30, 31] . In addition, it is possible that feedback of information from higher levels of processing serves to boost the effective signal strength of the dominant stimulus and attenuate that of the suppressed stimulus [31, 32] .
Our use of intermittent rivalry to investigate interactions between dominant and suppressed vision should prove useful in future studies of the neural correlates of visual awareness. Our results show that even if a visual pattern is suppressed from vision, the information contained in that pattern can simultaneously infiltrate visual awareness via another stimulus. In particular, suppressed form information can simultaneously alter the dominant visual percept. It follows that the classical understanding of BR under which the dominant stimulus attributes are perceived veridically warrants revision.
Experimental Procedures Stimuli
Stimuli were sinusoidal gratings ( Figures 1A and 1B ) generated using Matlab software to drive a VSG 2/5 Graphics Card (Cambridge Research Systems), displayed on a g-corrected 21'' Sony Trinitron GM 520 monitor (1024 3 768 resolution; 120 Hz refresh rate) and viewed through a mirror stereoscope adjusted for each observer. This ensured that there was no optical cross talk between the two rivaling stimuli. All gratings had a spatial frequency of 0.5 cycles per degree. The gratings in the superposed condition and the central patch in the surround condition had a diameter of 3º. In the center surround condition the annulus had an external diameter of 6.2º and an internal diameter of 3º. In all experiments, a bulls eye fixation point that subtended 0.5º of visual angle was used to aid in convergence in addition to circular fusion locks surrounding the stimulus. The average luminance of all stimuli was equal to that of the background (10.7 Cd m 22 ). One grating was green while the other was red. The color coordinates for red were CIE, x = 0.585, y = 0.376; and green, CIE, x = 0.413, y = 0.512. The gratings were defined by a sinusoidal change in luminance across space. The contrast of all gratings was 50%, except the surround annulus in experiment 3 whose contrast ranged from 2.5%-50%. The background color surrounding the stimulus was an average luminance and chromaticity of both colors in the stimulus. To suppress the oriented annulus in experiment 2 (see Figure 1B) , static colored noise was presented to the corresponding location in the opposing eye at 100% contrast. The static colored noise consisted of square elements subtending 0.075º x 0.075º (2 pixels 3 2 pixels).
Subjects and Procedure
Four subjects took part in experiments 1 and 2 (two subjects were naive to the purpose of the study) and three subjects (two were naive to the purpose of the study) in experiment 3. Subjects were seated in a darkened room and used a chin rest to stabilize their heads. To control the dominant pattern at the outset of each block of trials, we used flash suppression. This consists of the asynchronous onset of the patterns presented one to each eye [35] . One grating is presented to one eye, joined 500 ms later by the opposing grating in the other eye. As the second pattern is presented perception switches to it. Flash suppression thus enabled us to choose one of the gratings to be dominant at the outset of each block of trials. No response was made on this first trial. Once one pattern was dominant, due to the intermittent presentation, that pattern almost invariably remained dominant for the subsequent presentations. Even changing the suppressed pattern across trials did not disrupt perceptual stability due to the intermittent presentation, and subjects were clearly instructed to abort that block of trials if rivalry ever became piecemeal (incomplete) or if dominance switched to the inducer grating. In different blocks of trials the orientation of the suppressed inducer was varied from 10º-80º. Subjects signaled the orientation of the dominant grating using a button box. The task was single-interval, two-alternative forced-choice clockwise or counterclockwise from vertical. Two interleaved adaptive psychophysical procedures [36] of 30 trials each (25 in experiment 3) were used to estimate the orientation of the dominant grating at which it was perceived to be vertical. Each procedure displayed an inducer of opposite orientation 6Qº from vertical in a randomized order to avoid the build up of orientation-selective adaptation over time. For each block, the psychometric estimation of perceived tilt was based on half the difference of the outcome of the two procedures. Data collection took place in blocks of 60 trials (50 in experiment 3), and estimates of the illusion of perceived orientation were the average from at least 4 blocks.
Model
A population of monocular, orientation-selective model neurons processes the stimulus from each eye. The magnitude of the response, R, of any given neuron in the population is modeled by a difference of Gaussian excitation and inhibition functions: R(q stim ; q pref ) = a exp 2 q stim 2 q pref s E 2 2 exp 2 q stim 2 q pref s I 2 where q stim is the orientation of the stimulus, q pref is the preferred orientation of the neuron, s E and s I control the spread of excitation and inhibition, respectively, and a determines their relative weighting.
In the superposed stimulus condition, the population response at the binocular level, R binoc , is modeled as a weighted sum of the two monocular response distributions: R binoc (q pref ) = R dom (q dom ; q pref ) + wR supp (q supp ; q pref ); where q dom and q supp are the orientations of the dominant and suppressed stimuli, R dom and R supp are the response distributions of the populations representing them at the monocular level, and w is the relative strength of the input from the representation of the suppressed stimulus. The perceived orientation is modeled as the preferred orientation of the most strongly responding neuron in the binocular population: a winner-take-all coding scheme.
In the center-surround stimulus condition, the excitatory component of the population response to the surround grating is assumed to be confined to the cortical representation of the corresponding region of visual space, while the inhibitory component is assumed to extend in an attenuated fashion to the cortical representation of the central region. Thus, in the center-surround condition, the response of the population representing the central test region is given by:
R binoc (q pref ) = R dom (q dom ; q pref ) 2 w 0 exp 2 q supp 2 q pref s I
2

;
where w 0 is weight of the inhibitory effect of the surround on the center. Although the population response at the binocular level was modeled as a linear combination of the monocular population responses, we observed qualitatively similar behavior when multiplicative interactions were implemented [37, 38] .
